The development and functional cycle of the mammary gland involves a number of processes that are caricatured by breast cancer cells during invasion and metastasis. Expression of the hypoxia-inducible transcription factors HIF-1 and HIF-2 has been associated with metastatic, poor prognosis, and high-grade breast cancers. Since hypoxia affects normal epithelial differentiation, we hypothesise that HIFs are important for normal breast epithelial development and regeneration as well as cancer initiation and progression. Here, we investigated the expression of the oxygen-sensitive HIF-alpha subunits during mouse mammary gland development, lactation, and involution. In breast epithelial cells, HIF-1α was expressed during early development, prior to cell polarisation. In contrast, expression of HIF-2α occurred later and was restricted to a subpopulation of luminal epithelial cells in the lactating gland. Mammary gland involution is a developmental stage that involves extensive tissue remodelling with cell death but survival of tissue stem/progenitor cells. At this stage, HIF-2α, but little HIF-1α, was expressed in CK14-positive epithelial cells. The temporal but differential expression of the HIF-alpha subunits during the mammary gland life cycle indicates that their expression is controlled by additional factors to hypoxia. Further functional studies of the roles of these proteins in the mammary gland and breast cancer are warranted.
Introduction
In contrast to the development of most organs, mammary gland development not only takes place during embryogenesis and foetal life, but also during three distinct phases: embryonal development, puberty, and pregnancy [1] . The mammary epithelial anlage forms during embryogenesis and resides just beneath the nipple. During puberty, the ductal tree forms by extensive epithelial proliferation and invasion of the mammary fat pad. Further branching of the ductal tree takes place during early pregnancy, when milk-producing alveoli are formed and, towards the end of pregnancy, final differentiation takes place and milk production is hormonally induced. During lactation, the functional part of the mammary gland lifecycle, intensive metabolism is stimulated by hormones and suckling. After weaning, the mammary gland is remodelled into a state similar to the virgin gland via a process termed involution. Importantly, mammary epithelial stem and progenitor cells with the capacity to re-build the functional mammary gland in subsequent pregnancies survive this process, which involves extensive cell death. Similar, but less fulminant, cycles of growth and involution take place during the monthly oestrous cycle in women [1, 2] . These processes of mammary gland development and function are similar in humans and mice [3] .
Breast cancer represents a caricature of the features seen in the developing and functional mammary epithelium. The malignant hallmark of invasive growth is similar to the epithelial invasion of the mammary fat pad seen in puberty and early pregnancy. Metabolism is changed during lactation and during malignant growth. Epithelial confinement to the basement membrane is lost in cancer, while during normal epithelial invasion of the mammary fat pad the basement membrane has yet to be established and in involution it is loosened by proteolysis. A population of epithelial cells with stem cell traits that can grow and overcome anoikis exists in cancers, processes that are also seen in mammary gland involution. Despite the protective effects of pregnancy and breast-feeding on lifetime cancer risk, a temporal increase in breast cancer risk occurs during pregnancy and childbirth. Furthermore, pregnancy-associated breast cancer has a worse prognosis [4] .
The hypoxia-inducible transcription factor subunits HIF-1α and HIF-2α are associated with breast cancer metastasis and poor patient survival [5, 6] . We recently showed that hypoxia and HIF transcriptional activity are linked to a state of loss of polarisation and a cancer-like phenotype in primary human breast epithelial cells [7, 8] . Selective silencing of HIF-1α expression in mouse mammary epithelium and mouse breast cancer models [9] [10] [11] led to failed lactation and increased tumour growth and metastasis, respectively. HIF-2α expression has yet to be selectively targeted in the mammary epithelium. Both HIF-1α and HIF-2α are primarily regulated post-translationally, with immediate proteosomal protein degradation via ubiquitination by the ubiquitin ligase pVHL in the presence of oxygen [12] . In addition, the expression of HIF-α subunits can be regulated by growth factors and oncogenes [13, 14] . Silencing of pVHL expression in mammary epithelium leads to stabilisation of both HIF-1α and HIF-2α accompanied by hyper-proliferation and an inability to support lactation in serial pregnancies, consistent with depletion of the stem cell pool [15] . Interestingly, concurrent targeting of HIF-1α expression does not rescue the pVHL-null phenotype, which might suggest a role of HIF-2α in the maintenance of the stem cell pool.
Here, we analyse the protein expression of HIF-1α and HIF-2α in mammary gland development, function, and involution. Our data uncover specific expression of HIF-1α and HIF-2α in distinct subsets of mammary epithelial cells at precise stages during organ development and function. The divergent expression patterns of the two factors suggest that their regulation is not merely due to oxygen availability. pathogens in accordance with the FELASA recommendations for health monitoring of experimental units [16] .
Animals and tissue treatment
To isolate mammary glands, mice were anaesthetised by intraperitoneal (i.p.) injection of 0.03 ml/10 g of a 1:1 mixture of Dormicum (midazolam 5 mg/ml) and Hypnorm (fluanison 5 mg/ ml and fentanyl 0.1 mg/ml). Mice were intracardially perfused with 10 ml of ice-cold phosphate-buffered saline (PBS) and 10 ml 4% (w/v) paraformaldehyde (PFA). The fourth abdominal mammary glands were then recovered and fixed for 16 h in 4% PFA. Tissue was stored in 70% ethanol for up to 24h, rinsed in PBS, dehydrated, and embedded in paraffin (Histokinette).
Animal care at the University of Copenhagen and Copenhagen University Hospital, Copenhagen, Denmark was in accordance with national and institutional guidelines (permissions #2007/561-1053), and all mice were free from murine pathogens in accordance with the FELASA recommendations for health monitoring of experimental units [16] .
The mouse mammary gland material consisted of the fourth gland from 45 C57BL/6J mice: 5 aged 30 days, 6 aged 35 days, 6 aged 50 days, 6 aged 70 days, 4 lactating day 7, 5 lactating 7 days and 1 day involution, 3 lactating 7 days and 2 days involution, 4 lactating 7 days and 5 days involution, 3 lactating 7 days and 7 days involution, and 3 lactating 7 days and 14 days involution. Litter sizes were harmonised and, after 7 days of lactation, forced involution was induced by removal of the pups.
Hypoxyprobe-1 (pimonidazole salt, Hypoxyprobe, USA) 1.5 mg/mouse (25g body weight) was injected i.p. in PBS one hour prior to mouse sacrifice and intracardial perfusion. This was performed in MMTV-PymT heterozygous 12 weeks old female C57BL/6J mice with tumours.
Cell culture
Breast cancer cells, MCF-7 (ATCC), were grown in standard DMEM/F12 (1:1) medium (Thermo Scientific) with FCS (1%, Biosera), penicillin & streptomycin (100 units/ml, Hyclone) and insulin (100 units/ml, Actrapid). The cells were routinely cultured at 37°C, 5% CO 2 and air oxygen levels. Experimental hypoxic cell culture was performed for 72h in a DonWhitney Hypoxystation under 1% oxygen concentration and otherwise same culture conditions as described above. The adherent cells were rinsed with ice-cold PBS, covered with 4% PFA in PBS and then scraped off the culture dish with a cell scraper. After 15 min the cells were stained for 1 min with Mayer's hematoxylin, gently centrifuged and fixation was removed and the cells dehydrated and embedded in paraffin. Sections were subjected to IHC employing the same conditions as the tissue sections, see below.
Immunohistochemistry (IHC)
Tissue sections were deparaffinised in xylene and hydrated through graded ethanol/water dilutions. Antigen retrieval was performed by microwaving at 98°C for 15 min in citrate buffer (10 mM, pH 6); this treatment also prevents recognition of endogenous IgG by anti-mouse antibodies. Endogenous peroxidase activity was blocked using 1% hydrogen peroxide for 15 min at ambient temperature. Sections were then washed in running tap water for 3-5 min and in Trisbuffered saline (TBS: 50 mM Tris, 150 mM NaCl, pH 7.6) containing 0.5% Triton X-100 (TBS-T) for 5 min. Slides were mounted into racks with immunostaining coverplates (Dako Cytomation, Denmark) for subsequent incubations. Slides were incubated 1h with primary antibody. The secondary antibody was EnVision+ anti-mouse/rabbit. For rat F4/80 monoclonal antibody, a middle step of rabbit anti-rat IgG (Dako) was employed. The antibodies used were For double IHC staining, the same antibodies as described above for HIF-2α, CK8, CK14, and F4/80 were used with Polink double IHC staining kits (BIOSS) according to the manufacturer's instructions.
Microscopy. Microscopy was performed using an Olympus (Olympus) and a Nikon Fusion microscope (Nikon) with 10x, 20x, and 40x objective lenses as stated in the figure legends. Image acquisition was performed with Cell A imaging software and there was no non-linear image manipulation.
Results

Evaluation of HIF antibodies
Immunohistochemical detection of HIF-alpha subunits, especially HIF-2α, can be challenging. We therefore investigated the HIF staining pattern of the antibodies used in this study using tumours obtained from a transgenic mouse mammary tumour model (MMTV-PyMT) injected with Hypoxyprobe (Hypoxyprobe, USA) as reference tissue. Both HIF-1α and HIF-2α proteins were selectively detected in hypoxic peri-necrotic areas (Fig 1) . HIF-1α showed nuclear localisation (Fig 1B) , consistent with binding to DNA under hypoxic conditions [12, 17] . The HIF-2α signal was both nuclear and cytoplasmic in hypoxic regions, but cytoplasmic staining was not always accompanied by appreciable nuclear signal ( Fig 1D) . In a second approach to verify the IHC with the HIF-1α and HIF-2α antibodies we cultured MCF-7 breast cancer cells under control (21% oxygen) and hypoxic (1% oxygen) conditions for 72 h. These cells showed no expression of HIF-1α under oxygenated conditions ( Fig 1E) and nuclear HIF-1α accumulation in a large proportion of cells at hypoxia (Fig 1F) . Occasional MCF-7 cells were positive for HIF-2α under oxygenated conditions ( Fig 1G) and with hypoxia the number of HIF-2α positive cells increased much (Fig 1H) in line with our previous observations [6] . HIF-2α signal was seen both in the nucleus and in the cytoplasm and some cells had expression in both compartments whereas others had expression in the cytoplasm without appreciable nuclear signal (Fig 1) . The cytoplasmic HIF-2α signal was consistent with previous findings in neuroblastoma [18] and the recently described role for HIF-2α in the hypoxic regulation of translation by binding to mRNA in the cytoplasm [19] . We conclude that the antibodies and conditions used specifically detect HIF-1α and HIF-2α, respectively.
HIF-alpha subunit expression in virgin mouse mammary glands
At puberty, hormonal stimulation induces the mammary epithelium to proliferate and form ductal structures that invade the mammary fat pad. The tip of the growing duct invades the mammary fat pad and, at this stage in development, there is no basement membrane to separate the epithelial and mesenchymal compartments, similar to invasive cancer. Invasion of the epithelial cells into the fat pad requires the timely expression and activation of extracellular proteolytic factors such as matrix metalloproteases (MMPs) and urokinase plasminogen activator (uPA) and its cell surface receptor uPAR [1, 20, 21] . MMPs, uPA, and uPAR can be transcriptionally induced by HIF-1α and HIF-2α. The invasive growth of the mammary epithelium into pre-existing tissue shares numerous features with the invasive growth and dissemination of mammary cancer, and, in this malignant setting, the activation of HIF-induced transcription is implicated in extracellular proteolytic activity, invasion, and angiogenesis [12, 22] .
The expression and function of HIF-2α in the developing mammary epithelium is less well characterised compared to that of HIF-1α [9, 10] . To investigate the expression of HIF-2α in the mouse mammary gland during development, lactation, and involution, we first stained tissues collected at these stages for collagen IV expression to visualise the basement membrane and general duct structure (Figs 2 and 3 ). Several layers of epithelial cells surrounded the forming lumen, and the collagen-containing basement membrane was not yet visible in the early virgin mammary gland. In these structures, HIF-2α was not detected in the mammary epithelial cells (Fig 2A and 2B) . In the displayed micrograph of pubertal mammary ducts (Fig 2Ac) there was one HIF-2α positive cell and an adjacent section IHC stained for F4/80 (Fig 2Ae) suggests that this cell was a macrophage (often HIF-2α positive). During puberty macrophages infiltrate the mammary fat-pad and localise to the area close to the ductal terminal end buds [23] . Since several proteins (e.g., MMPs and uPAR) are known to be HIF induced and are expressed during epithelial invasion of the mammary fat pad [20] , we stained these early glands for HIF-1α. In line with these observations, HIF-1α-positive cells were detected in the epithelial cells of virgin mammary ducts (Fig 2B) . To determine which epithelial cells expressed HIF-1α at these early time points, we next stained for the basal epithelial marker CK14. As exemplified by the day 70 mammary glands, CK14 was expressed in the basal epithelium (Fig 2) of epithelial structures where the lumen is not yet evacuated (Fig 2Bb) and where the lumen has been evacuated (Fig 2Bc) . In contrast, HIF-1α was expressed in the luminal epithelial cells, as defined by microscopic localisation and lack of CK14 immunoreactivity (Fig 2B) . In these structures, HIF-1α and CK14 expression was mutually exclusive (Fig 2B; black arrows indicating examples of cells positive for CK14 but lacking HIF-1α expression). HIF-2α was undetectable in mammary epithelial cells in additional virgin glands (Fig 2B) .
HIF-2α is expressed in a subset of luminal epithelial cells in the lactating mammary gland
Epithelial cells undergo full differentiation during lactation, at which time metabolism is extremely high as energy-rich milk is produced. The lactating gland mainly consists of luminal epithelial cells and open dilated lumina, the basal cell compartment is sparse compared to luminal cells, and the fat cells are depleted and hardly detectable (9, 12 , Fig 3) .
Although HIF-2α was not expressed at detectable levels in virgin mouse breast epithelium, expression was apparent during lactation. Distinct, mostly cytoplasmic expression of HIF-2α was detected in a subpopulation of luminal epithelial cells (Fig 3) . These HIF-2α-positive cells were cuboidal, similar to adjacent non-HIF-2α-expressing luminal epithelial cells (Fig 3) . The fractions of luminal epithelial cells positive for HIF-2α were calculated in the fourth mammary glands from three different mice, three randomly placed fields per gland, and ranged between 4 and 8% (number of HIF-2α positive luminal epithelial cells/number of luminal epithelial cells:17/283, 19/559, and 20/261; Fig 3E) . Macrophages were very scarce in the lactating glands, but could be found when actively searched for (Fig 3C) . Importantly, the HIF-2a-positive cells in the epithelial layer were not macrophages as assessed by their morphological appearance and negativity for the F4/80 macrophage marker (Fig 3C) . The lactating mammary gland has high metabolic activity, and it is plausible that local hypoxic conditions occur. We therefore analysed these tissues for HIF-1α expression; however, there was no detectable expression suggesting that the expression of HIF-2α in the distinct subpopulation of luminal epithelial cells is not triggered by hypoxia (Fig 3B) .
HIF-alpha subunit expression in mouse mammary glands during involution
After weaning, the mammary gland involutes to a state similar to the virgin gland [1, [24] [25] [26] . The mammary gland involution is divided into two phases; the reversible phase that encompass approximately the first 72 hours, succeeded by the irreversible or proteinase dependent phase [27] . During the latter phase macrophage infiltration takes place [27] . Most importantly, regrowth potential to form all parts of the functional gland in subsequent pregnancies is retained, i.e., mammary epithelial stem and progenitor cells must be spared during the extensive cell death that occurs during involution [25] . Infiltrating immune cells and other stromal components are the main contributors to the extensive extracellular proteolysis that occurs during involution [20, 26, 27] . The collagen-containing basement membrane, which is intact and surrounds the dilated ducts during lactation, is disrupted during involution. The epithelial cells show loss of polarity and no longer form organised epithelium.
In the reversible phase of involution one day post weaning, the mammary tissues exhibited similar structure and expression of the studied proteins as during the lactating phase, but shed epithelial cells were apparent in the ductal lumen. In summary, HIF-2α was detected in the cytoplasm in subsets of epithelial cells, while HIF-1α was not detectable and occasional macrophages were seen (Fig 4A, 4E and 4I) . As involution and tissue remodelling progressed into the irreversible phase (Day 5 to 14 in Fig 4) , the frequency of HIF-2α-positive cells increased (Fig 4F-4H) . During these later phases of involution, the ducts collapsed and the basement membrane was degraded and showed scattered collagen IV expression (Fig 4B-4D) . Infiltration with F4/80-positive macrophages was also apparent (Fig 4J-4K) . The macrophages mainly localised to the edge of the collapsing mammary ducts (Figs 4, 5 and 6) , with many of the HIF-2α-expressing cells also localised in the same area (Figs 4, 5 and 6 ). However, a substantial fraction of the HIF-2α-positive cells were centrally positioned among the CK14-and CK8-expressing mammary epithelial cells (Figs 4, 5 and 6) . A small amount of HIF-1α expression could be detected in the mammary gland during late involution (Fig 5C) .
CK8 is a marker of luminal epithelial cells, which are the dominant cell type during lactation; therefore, these CK8-positive cells decrease in number during the later phases of involution. In contrast, a higher proportion of the CK14-expressing myoepithelial basal cells remain during involution, with the proportion of these cells increasing [28] (Fig 5) . The CK14-expressing mammary epithelial cells are known to include basal epithelial and stem/progenitor cells [29] .
To better understand which cell types in the involuting mammary gland expressed HIF-2α, double IHC staining of HIF-2α, CK8, and CK14 was performed, and adjacent sections were stained for the F4/80 macrophage marker. Double IHC for HIF-2α and CK8 showed very few, if any, double-stained cells at five (data not shown) or 14 days of involution (Fig 6) . In contrast, a substantial number (but not all) CK14-positive cells were also positive for HIF-2α (Fig 6) . Whether these cells are stem/progenitor or basal epithelial cells cannot be determined by CK14 IHC alone.
Immunostaining with the F4/80 macrophage marker suggested that some, but not all, HIF-2α-expressing cells of the involuting gland were macrophages (Fig 6) . Interestingly, the majority of detected infiltrating macrophages apparently express HIF-2α (Fig 6) .
Discussion
HIF-2α accumulates and activates in response to hypoxic stress but is also expressed during discrete stages of organ development, for example in the peripheral nervous system [30] [31] [32] , where it is likely induced by factors other than low oxygen levels. During epithelial invasion of the mammary fat pad, oxygen homeostasis is challenged in a similar way to the invasive front of tumours, and HIF-1α levels may increase in response to local hypoxia. HIF-1α in the cells invading the fat pad may induce expression of ECM-remodelling proteins known to be induced by HIF-1α and expressed in the invading mammary epithelium [1, 20, 21] . In addition, nonhypoxic stress may induce HIF expression in distinct phases of mammary gland development and function.
Targeted deletion of the HIF-1α gene using Cre-lox in mammary epithelial cells with the Cre recombinase expressed under the control of the MMTV promoter did not show decreased vascularisation of the mammary gland; however, differentiation and lactation were impaired [9] . Similarly, Seagroves et al. did not detect any gross differences in the pre-pregnant mammary glands of normal and HIF-1α null mice, as assessed in mammary gland whole mounts [9] . Detailed studies of how HIF-1α gene-targeted epithelial cells invade the mammary fat-pad have not been reported.
HIF-2α expression in a distinct subset of luminal epithelial cells in the milk-producing gland could be stress-induced, although local hypoxia would be expected to induce HIF-1α as well, which we did not detect (Fig 3) . Other plausible forms of stress include shear stress from the milk-filled ducts and metabolic stress due to the increased need for nutrients during milk production. A lack of glucose has been shown to increase HIF-alpha levels [31, 33] . Our data on HIF-2α expression does not tell us whether the HIF-2α expressing cells are a population of HIF-1α and HIF-2α Expression in Mammary Gland cells defined by their HIF-2α expression or if the expression varies over time and is dynamic; it is possible that all luminal epithelial cells experience temporal bursts of HIF-2α activity during this highly metabolically active stage. Hypoxia is primarily a metabolic stress, since the lack of oxygen limits mitochondrial ATP generation and cells must rely on the less efficient cytoplasmic glycolysis pathway to yield lactate and much less ATP per glucose molecule. Therefore, it is likely that HIF-2α expression has a specific role in the milk-producing luminal epithelium. Loss of function studies of HIF-2α in the lactating gland may help to decipher its function and HIF-1α and HIF-2α Expression in Mammary Gland establish whether HIF-2α is necessary in a subpopulation of cells or the majority of epithelial cells but for a limited time, i.e., at specific metabolic phases or in response to stress.
From a breast cancer perspective, the expression of HIF-2α during mammary gland involution is most interesting since this is a stage that involves numerous processes pivotal to carcinogenesis and cancer progression, e.g., cell death and survival, tissue remodelling, and inflammation. Infiltrating macrophages are among the HIF-2α expressing cells, but CK14-positive mammary epithelial cells also express HIF-2α. It is crucial to establish whether HIF-2α expression is helpful, and perhaps even required, for the survival of the specific population(s) of mammary epithelial cells that are needed to rebuild the mammary gland after involution so HIF-1α and HIF-2α Expression in Mammary Gland that milk production can take place after subsequent births. The process of involution, in which mammary epithelial stem and progenitor cells are primed to survive, possibly under the control of HIF-2α and during profound tissue remodelling and exposure to high hormone levels, may promote conditions that lead to the observed increased cancer risk post-partum [4] . Since we have already established that normal human breast epithelial cells acquire cancer-like traits under hypoxic conditions [7] , it is tempting to speculate that the expression of the stressinduced survival factor HIF-2α during involution may contribute in such processes. To test this hypothesis HIF-2α must be selectively down-regulated in the mammary epithelial cells to spare the HIF-2α expressing macrophages that are necessary for post-lactational involution to take place [34] .
In conclusion, the expression of HIF-1α and HIF-2α takes place during specific time frames in distinct subsets of mammary epithelial cells during separate phases of mammary gland development and function (Fig 7) . The divergent expression patterns of the two factors suggest that their regulation is not merely a function of oxygen availability and that HIF-1α and HIF-2α have distinct functions in mammary epithelium. These findings and the link between HIF-2α levels and breast cancer metastasis suggest that in-depth studies of HIF-1α and HIF-2α function in mammary gland development and tumourigenesis are warranted.
